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The microscopic dynamics of laser-driven coherent synchrotron emission transmitted through thin
foils are investigated using particle-in-cell simulations. For normal incidence interactions, we identify
the formation of two distinct electron nanobunches from which emission takes place each half-cycle
of the driving laser pulse. These emissions are separated temporally by 130 attoseconds and are
dominant in different frequency ranges, which is a direct consequence of the distinct characteristics of
each electron nanobunch. This may be exploited through spectral filtering to isolate these emissions,
generating electromagnetic pulses of duration ∼ 70 as.
The generation of attosecond pulses of extreme-
ultraviolet (XUV) radiation via laser-matter interactions
has been demonstrated as a powerful tool for the observa-
tion of ultrafast atomic and electronic phenomena [1, 2].
Experimental and numerical studies have shown that
emissions of particularly high XUV photon flux are pro-
duced by focusing a laser pulse to relativistic intensities
(Iλ2L > 1.37×1018 W cm−2 µm2) onto either a thick solid
target [3–7] or a thin nanofoil [8–15]. In either case, a
train of attosecond bursts is emitted by nanometer-scale
bunches of electrons (nanobunches) which are driven pe-
riodically by the laser pulse into curved, synchrotron-like
trajectories at the front surface of the resulting plasma
[14–17].
However, application of this radiation to time-resolved
measurements of ultrafast phenomena requires an iso-
lated pulse, otherwise there will be an uncertainty as to
which pulse from the train is probing the process. Polar-
ization gating techniques applied to laser-solid interac-
tions [18–20] have shown recent promise in reducing the
number of cycles during which emission occurs, while spa-
tially selecting the pulses [21] may provide an alternative
or a complement to these methods. If a pulse has been
successfully isolated then the potential temporal resolu-
tion of this source is only limited by the structure of that
pulse. However, for oblique laser incidence, simulation re-
sults have shown that the reflected radiation may contain
an unavoidable sub-structure which limits the temporal
resolution of attosecond pulses produced in this geometry
[22].
In this Letter we provide the first in-depth numerical
study of the temporal structure of coherent synchrotron
emission transmitted through nanofoils irradiated at nor-
mal incidence. Our particle-in-cell simulation results
show that two distinct electron nanobunches contribute
to the emission, producing a double-pulse structure sep-
arated by 130 as. However, we demonstrate that in this
geometry this sub-structure does not necessarily place a
strict lower limit on the achievable pulse duration. Our
simulation results show that the characteristics of the
emitting nanobunches are different, and emit radiation
with distinct spectral shapes. We show that the relative
intensity of the sub-pulses may be controlled by appro-
priate spectral filtering, resulting in a single pulse of du-
ration ∼ 70 as, capable of temporally resolving a wide
variety of ultrafast phenomena.
To investigate coherent synchrotron emission (CSE)
from relativistic laser-nanofoil interactions, a simula-
tion was performed using the 1D particle-in-cell code
PICWIG [18]. The simulation models a 5 fs FWHM in
intensity, linearly polarized laser pulse, with a central
wavelength of λL = 800 nm and a0 = 12. This pulse is
normally incident onto an overdense, ne = 100 nc, fully
ionized carbon plasma, 160 nm thick, with an additional
80 nm linear density ramp at the front of the target. Here
nc = ω
2
Lme0/e
2 is the critical density, with ωL being the
laser frequency. The 20λL simulation box consists of 1000
cells/λL, and initially 300 macro-electrons per cell. The
ions are assumed to be immobile.
The train of pulses collected at the rear side of the
target during this simulation is shown in Fig. 1a). Here
TL = 2pi/ωL is the laser period. From this figure, it is
clear that the pulses possess a twice-per-cycle periodic-
ity. Common to each of these pulses is the underlying
structure of coherent synchrotron emission, which we in-
vestigate here. Firstly, we view this train through various
frequency windows. To do this, we apply a rectangular
window function of width ∆ω = 40 ωL, centered at fre-
quency Ωf , to the spectrum of the pulse train, with all
other frequencies outside this window excluded. Fig. 1b)
shows the pulse train for the filter positioned at both
Ωf/ωL = 40 (red) and Ωf/ωL = 120 (blue). It is clear
that the attosecond pulses in these two frequency win-
dows do not overlap in time, with the higher frequency
range preceding the lower. Fig. 1c) provides a closer view
of the central pulse in the train for these two spectral
ranges, from which it is clear that two distinct sub-pulses
are present, each of duration τ ≈ 70 as which are tempo-
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2FIG. 1. Part a) shows the pulse train collected at the rear side
of the target during a simulated relativistic laser-nanofoil in-
teraction (simulation parameters given in text). Part b) shows
this train, viewed through two different frequency windows of
width ∆ω = 40 ωL, centered at Ωf = 40 ωL and Ωf = 120 ωL.
Part c) shows a closer view of the central pulse from this train
for these spectral ranges and an intermediate range centered
on Ωf = 80 ωL. These results suggest that each individual
burst of CSE is composed of two distinct attosecond sub-
pulses, which dominate at different frequency ranges, and are
separated temporally by ∆t ≈ 130 as.
rally offset by ∆t ≈ 130 as. Also shown is the pulse corre-
sponding to an intermediate range, Ωf/ωL = 80 (green),
for which the contributions of these two sub-pulses are
comparable and a longer double-pulse structure emerges.
To trace the origins of these pulses, the evolution of
the electron density at the front surface of the plasma,
for half a laser period surrounding the emission of this
central pulse, is shown in Fig. 2 (gray-black). Overlaid
on this is the electric field intensity for the two spectral
ranges, centered at Ωf/ωL = 40 (red) and Ωf/ωL = 120
(blue). Similar to a conventional synchrotron, the emis-
sions occur when the electrons are traveling towards the
observer at relativistic velocities. For the reflected radia-
tion, both spectral ranges are shown to originate from the
same point, as the electrons are traveling out from the
plasma in the −xˆ direction. In the transmitted direction
however, it is clear that there are two distinct bunches
of electrons that are acting as sources of radiation. The
first or primary electron bunch is seen to be the domi-
nant source of radiation for higher frequencies, whereas
the secondary electron bunch dominates production of
the lower frequencies. We note that the formation of this
secondary bunch is clearly visible from simulation results
in a number of previous publications [5, 12, 15, 18, 19].
However, the mechanism behind its origin, as well a com-
parison between its emission and that from the primary
bunch has yet to be presented.
FIG. 2. The electron density (gray-black), overlaid with the
electric field intensity for the ∆ω = 40 ωL filter window cen-
tered at Ωf = 40 ωL (red) and Ωf = 120 ωL (blue). In order
to highlight the origin of the strongest radiation, only the
most intense 60% of radiation is shown, in block color. By
tracing these pulses to their source it is seen that, in contrast
to the reflected emission, the forward pulses are generated by
two distinct electron bunches.
This substructure is also evident from the spectrum of
the central pulse, shown in Fig. 3a). The modulations
indicated at ω/ωL ≈ {56, 77, 96} result from interference
between the two sub-pulses. Since these modulations are
separated by ∆ω/ωL ≈ 20, the temporal separation of
the sub-pulses may be calculated as ∆t ≈ 130 as, in
agreement with Fig. 1c). In part b), the two sub-pulses
have been isolated by two supergaussian windows posi-
tioned over their peaks (the position of these peaks may
be inferred from Fig. 1c)). The spectra of these two sub-
pulses are shown, and it is clear that Window I, corre-
sponding to emission from the primary electron bunch
is dominant for ω/ωL > 100, whereas Window II, corre-
sponding to emission from the secondary bunch is dom-
inant for ω/ωL < 60. For 60 < ω/ωL < 100 however,
the two spectra are shown to be of comparable intensity,
indicating that both electron bunches are contributing
equally to the emission in this range.
We now consider the dynamics of the two distinct
bunches that contribute to transmitted CSE radiation.
The forces driving this process arise from the electro-
magnetic fields of the driving laser pulse (Ey, Bz), along
with the longitudinal electric field component Ex, gener-
ated by the charged particles within the simulation. In
Fig. 4, these fields are shown (red-blue) overlaid onto the
electron density (gray-black), surrounding the point of
emission.
Comparing Figs. 2 and 4, it is seen that the primary
electron bunch is composed of those electrons at the front
3FIG. 3. Part a) shows that by selecting the peak pulse from
the train, a broad spectrum of radiation is obtained. How-
ever the modulations in the spectrum highlighted here, which
are separated by ∆ω ≈ 20 ωL, suggest the presence of a sub-
pulse structure, with sources separated in time by ∆t ≈ 130
as. Part b) shows that by selecting windows corresponding to
the times of the sub-pulses (cf. Fig. 1c)), the two constituent
emission spectra can be obtained. Here, it is further illus-
trated that one pulse dominates at high frequencies, whereas
the other dominates at lower frequencies.
surface of the plasma and as such are directly influenced
by the electromagnetic fields of the driving laser pulse.
We now track the dynamics of this bunch, starting at
t/TL = 9.2, the point markedA on Fig. 4c). At this point
the vyBzxˆ component of the Lorentz force has driven the
front-side electrons into the plasma, setting up a large
electrostatic Ex field. This restoring force then acceler-
ates the primary bunch to relativistic longitudinal veloc-
ities at point marked B. Simultaneously, the Ey field of
the driving laser pulse provides a transverse acceleration
which curves the trajectory of this electron bunch, re-
sulting in the sole emission of the high frequency burst
of synchrotron radiation in the reflected direction. This
primary bunch is then accelerated back towards the tar-
get by the vyBzxˆ force and attains a relativistic velocity
in the forward direction at point C. This time, it is the
vxBzyˆ component which provides a transverse accelera-
tion, and results in a burst of synchrotron radiation in
the transmitted direction.
The origins of the secondary bunch begin at t/TL =
9.35, at the point marked D. As the primary bunch of
electrons are accelerated away from the target, it gener-
FIG. 4. The origin of the secondary emission bunch can be
explained in terms of the electromagnetic fields driving its
motion. The electrons in the primary bunch at D initiate a
large amplitude electron oscillation, which ejects a secondary
bunch of electrons at E out towards the front surface of the
plasma. When this secondary bunch crosses the primary at
F, the electromagnetic fields of the driving laser pulse ac-
celerate these electrons, triggering another burst of coherent
synchrotron radiation at G. The formation of the primary
bunch, points A - C, are described in the text.
ates a longitudinal electric field which pushes a fraction
of its constituent electrons back into a target. These elec-
trons then bunch and eject a second set of electrons at
point E towards the front of the plasma. As this sec-
ondary bunch of electrons cross the first, at F, they be-
come subject to the electromagnetic fields of the laser
pulse which turn the bunch around, accelerating the elec-
trons in the forward direction and triggering a secondary
burst of synchrotron radiation at point G.
Note that immediately after point E, bunches of elec-
trons are accelerated to relativistic velocities in both for-
ward and reflected directions yet do not emit significant
levels of high frequency radiation. The reason for this
is that these electrons are shielded from the electromag-
netic fields of the driving laser pulse, and as such do not
experience significant transverse acceleration, which is a
requirement for the emission of synchrotron radiation.
We also note that since these secondary bunches are ac-
celerated to large velocities before being injected into the
plasma, it is likely they make an important contribution
to the total energy absorption of the target.
4FIG. 5. Part a) shows the positions of the macro-electrons in
px phase space at the points in the simulation at which two
consecutive sub-pulses are emitted. The electrons which con-
stitute the primary and secondary bunches are highlighted,
and are chosen as those electrons at the front surface of the
target having px/mec > 1. Part b) shows the position and
momentum distributions of the these macro-electrons, which
differ significantly for each of the two bunches. The elec-
trons in the primary bunch are shown to be more spread out
in position, but typically posses a larger momentum than the
secondary. The electrons with the largest momenta in the pri-
mary bunch are positioned more towards the left hand side of
the distribution. The electrons forming the secondary bunch,
though they typically have a lower forward momentum, are
more densely positioned together over a ≈4 nm bunch.
Having determined that two distinct electron bunches
are responsible for the forward emissions, we now de-
scribe why the two pulses are dominant in different fre-
quency ranges. To do so, we look at the position and mo-
mentum distributions of the emitting electrons, shown in
Fig. 5. From the px phase space plots shown in Fig. 5a),
it can be seen that the characteristics of these bunches
are quite different at the point of emission. To clarify,
histograms showing the position and momentum distri-
butions of the two bunches are shown in part b). Shown
here are all the macro-electrons at the front surface of
plasma during each emission process with a longitudinal
momentum px/mec ≥ 1.
Looking first at the px histogram of the macro-
electrons, it is clear that the majority of particles in
the primary bunch have a forward momentum px/mec ≈
3.75, whereas for the second bunch the most common
value is px/mec ≈ 1.5. From the electron density plots
(Figs. 2 and 4) it is clear that the primary electron bunch
has been exposed to the forward electromagnetic forces
for longer than the secondary, therefore achieving higher
velocities. Furthermore, from Fig. 4c), it may be seen
that the restoring force of the ions is weaker in the re-
gion that the primary bunch is accelerated, and thus may
attain higher velocities than the secondary.
The second main difference between the characteristics
of the two emitting bunches is in the position distribu-
tion of the electrons during the emission, again displayed
here in a histogram in Fig. 5b). Those electrons with
px/mec ≥ 1 in the primary bunch have a broad spatial
distribution. However, by comparison with Fig. 2 it is
seen that the electrons which result in the majority of
the primary emission are those towards the left of this
distribution. This is partly because of their higher en-
ergies (as shown in Fig. 5a)), but also because they are
closer to the front surface of the plasma and are more ex-
posed to the electromagnetic fields of the laser pulse. The
primary bunch, having a broad spatial distribution, has
a low peak density. In contrast, the majority of the elec-
trons forming the secondary bunch are positioned closely
together in a bunch of width ≈ 4 nm. This can be ex-
plained by looking at the longitudinal electric field in
Fig. 4. Here it can be seen that the primary bunch dis-
perses as its constituent electrons repel each other (i.e.
they are accelerated forward by the Ex field (blue)) lead-
ing to a reduction in density of this electron bunch. The
secondary bunch however experiences less of this disper-
sion and therefore maintains its density.
To summarize, these simulations suggest that the elec-
trons in the primary bunch typically possess a larger
longitudinal momentum px than those in the secondary,
however fewer electrons are contributing to the emis-
sion. These electron distributions therefore explain why
the primary bunch dominates at the highest frequencies,
whereas the secondary bunch dominates the lower. In
particular, electrons in the primary bunch, with their
typically larger px radiate to higher frequencies than the
secondary bunch, and so are dominant in this region.
The electrons in the secondary bunch however, though
the maximum frequency they radiate is lower, dominate
the lower frequencies because there are more electrons in
this bunch contributing coherently to the emission.
In conclusion, we have shown that coherent syn-
chrotron emission from relativistic laser-nanofoil inter-
actions can originate from two distinct electron bunches
with a separate formation history. The first bunch is ini-
tiated by the laser fields, while the second is induced by
the electrostatic field from the first. Emission from these
two bunches have distinct spectral signatures with XUV
emission of comparable strength at intermediate photon
energies, resulting in a double-pulse structure on the at-
tosecond timescale. Very short pulses (τ ≈ 70 as) are
5observed for optimally filtered pulses in either the low or
high frequency domain of the emission spectrum.
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